A new approach to selective photodynamic therapy (PDT) was developed by designing chlorin e6 (Ce6)-containing macromolecules, which are sensitive to tumor-associated proteases. The agents are nontoxic in their native state but become fluorescent and produce singlet oxygen on protease conversion. Coupled with optimized delivery systems, we show that (a) the agents efficiently accumulate in tumors due to the enhanced permeability and retention effect, (b) the agents are locally activated by proteases, (c) local drug concentrations can be measured by quantitative fluorescence tomography, and (d) light-treated tumors show reduced growth. A single low dose of PDT (0.125 mg Ce6 equivalent/kg) was sufficient to suppress tumor growth by >50%. Activatable singlet oxygen generation agents provide increased efficacy with reduced toxicity, and it could become a powerful PDT.
Introduction
Photodynamic therapy (PDT) using combinations of chemical photosensitizers and light has been used successfully to treat cancers and other nonmalignant conditions (1) . Typical photosensitizers are designed to be nontoxic to cells in the absence of light. When illuminated by an appropriate wavelength, the excited photosensitizer transfers its energy to neighboring molecular oxygen, producing cytotoxic singlet oxygen, which causes selective damage to tissues in situ. Despite significant advantages of PDT over the conventional chemotherapy, limited tumor selectivity of PDT agents has remained major obstacles. In addition, phototoxicity to skin and eyes is a considerable limitation of existing agents (1) . In the current study, we developed a new strategy termed protease-mediated PDT (PM-PDT). This was achieved by constructing PDT agents that are ''activatable'' by tumor-associated proteases.
Tumor-associated proteases are known to function at multiple stages of tumor progression, affecting tumor establishment, growth, neovascularization, intravasation, extravasasion, and metastasis (2) (3) (4) (5) . Prior reports have shown that several proteases (e.g., cathepsins and matrix metalloproteinases) are up-regulated in many cancer types (6) (7) (8) , and potentially, these tumor-associated proteases could act as activators of the proposed PM-PDT agent.
Porphyrin-based photosensitizers have been shown previously to exhibit reduced fluorescence and singlet oxygen generation (SOG) on aggregation (9) (10) (11) . Based on this observation, we coupled multiple chlorin e6 (Ce6) molecules onto a biodegradable poly-L-lysine grafted with monomethoxy-polyethylene glycol (PEG; L-PGC) to induce aggregation and self-quenching (Fig. 1 ) while still representing a biocompatible agent with favorable tumoraccumulating properties (12) . Previously, we have used analogous backbones to synthesize protease activatable imaging probes (13) . We hypothesized that the high local density of Ce6 causes quenching (i.e., low fluorescence and low SOG). Fluorescence and SOG are expected to increase on protease-mediated release of the photosensitizers.
Materials and Methods
Synthesis of L-SR15 and D-SR16. L-PGC (average molecular weight, 375 kDa) and D-PGC (average molecular weight, 344 kDa) were purchased from VisEn Medical, Inc. (Woburn, MA). L-PGC consists of poly-L-lysine (48 kDa) backbone grafted with monomethoxy-PEG (5 kDa, percent PEGylation, 30%). D-PGC consists of poly-D-lysine (44 kDa) grafted with PEG (percent PEGylation, 28%). The conjugation of Ce6 (Frontier Scientific, Logan, UT) to lysine residues in the PGC backbone was done using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC) as a coupling agent. In brief, total 1.7 mL mixture solutions, consisting of 1,140 AL of 9 Amol/L L-PGC or D-PGC in distilled water, 423 AL of 1.8 mmol/L Ce6 in 33 mmol/L Na 2 HPO 4 , and 120 AL of 13 mmol/L EDC in distilled water, were added into microcentrifuge tubes and gently shaken at 25jC in the dark for 20 hours. After reaction, the conjugates were purified by size exclusion chromatography (Bio-Gel P-10 gel, Bio-Rad, Hercules, CA) using 10 mmol/L phosphate buffer (pH 7.4) as an eluent. The substitution ratio of Ce6 on each PGC chains was determined by measuring the absorbance at 400 nm of conjugates dissolved in 0.1 mol/L NaOH/0.1% SDS and calculating the amount of Ce6 present using e 400nm = 150,000 (11) added to each sample. Thereafter, emission (excitation, 650 nm) was recorded at 670 nm using a computer-controlled fluorescence plate reader (Safire II, Tecan, Durham, NC). Bleaching of N,N-dimethyl-4-nitrosoaniline (RNO) was used as an indicator for photo-induced singlet oxygen in the presence of histidine as a chemical trap for singlet oxygen (14) . In brief, the sample solution used in the fluorescence measurement was prepared by mixing 480 AL RNO solution [20 mmol/L phosphate, 20 mmol/L histidine, 100 Amol/L RNO (pH 7.0)]. The mixture was added into a UV quartz cell and irradiated with light at a dose rate of 41.4 mW/cm 2 at 650 nm. At 0 minute and every 2 minutes of light treatment, solutions were mixed by pipetting and transferred to the UV spectrophotometer. The bleaching of RNO was measured at 440 nm. SOG was calculated from the initial slope of the RNO variation versus irradiation time. SOG of free Ce6 was measured at the same condition, which was used for the conjugates. Relative values of SOG of the conjugates compared with free Ce6 equal to the slope of unknown samples divided by the mean slope of free Ce6. All experiments were done in triplicate.
In vivo PDT. All animal studies were approved by the Institutional Animal Care Committee. HT1080 (human fibrosarcoma) obtained from American Type Culture Collection (Manassas, VA) were maintained in DMEM (Cellgro, Washington, DC) supplemented with 10% fetal bovine serum (Cellgro) and 1% penicillin/streptomycin at 37jC in humidified atmosphere with 5% CO 2 . Female athymic nude mice (nu/nu, 6-7 weeks old, 21-23 g) were purchased from Charles River (Wilmington, MA). HT1080 cell line (1.5 Â 10 6 cells/0.05 mL DMEM) was implanted s.c. into both hind legs of each mouse. When the tumors reached 3 to 5 mm in diameter, a total of 70 healthy mice (8 mice for fluorescence imaging, 15 mice for apoptosis study, and 47 mice for tumor growth) were randomly divided into five groups. L-SR15 or D-SR16 was dissolved in sterilized PBS [10 mmol/L, 140 mmol/L NaCl, 3 mmol/L KCl (pH 7.4)] at a concentration of 35.7 Amol/L, respectively. Mice in groups 1 and 2 received i.v. injection of either L-SR15 (group 1, 16 mice) or D-SR16 (group 2, 16 mice) at the dose of 0.125 mg Ce6 equivalent/kg. One day after drug injection, mice were treated with light using a diode laser at 650 nm to give dose of 10 J/cm 2 at an irradiance of 42 mW/cm 2 , and light spot diameter was 1 cm. Eight mice in group 3 received i.v. injection of L-SR15 at the same dose but were not treated with light. Mice in groups 4 and 5 received i.v. injection of either free Ce6 (0.125 mg/kg, 15 mice in group 4) or sterilized PBS (140 AL/mouse, 15 mice in group 5) followed by light treatment at 24 hours postinjection.
The day of photosensitizer injection was considered as day 0 and tumor volumes of the mice were measured periodically at days 0, 1, 4, 6, and 9. Tumor volume was calculated using the formula: 1/2 Â length Â width Â height (15) . To observe the enzymatic activation of L-SR15 in tumor tissues, tumors from eight mice were collected by sampling two mice from each of the groups 1, 2, 4, and 5 after 24 hours of i.v. injection of buffer or PGC conjugate solution. These mice did not receive light treatment. Collected tumors were snap frozen in liquid nitrogen, cut into 7 Am sections, airdried, and mounted on slides. Mounting medium (Vectashield, Vector Laboratories, Burlingame, CA) with 4 ¶,6-diamidino-2-phenylindole (DAPI) was used to counter stain nuclei of the tumor sections. Sections were viewed by fluorescence microscopy (Nikon Eclipse 80i, Nikon, Melville, NY).
To investigate tissue damage after PDT, tumor tissues from 15 mice were collected by sampling 3 mice from each of the groups 1 to 5 at 24 hours after PDT. Tumors were snap frozen in liquid nitrogen, cut into 7 Am sections, air-dried, and stained using the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) technique with the ApopTag kit (Chemicon, Temecula, CA). Normal or apoptotic nuclei were stained as green or brown, respectively.
Fluorescence molecular tomography. Fluorescence molecular tomography (FMT) experiments were done using a commercially available imaging system (FMT-Solaris; VisEn Medical). Three mice (total of six tumors) were used for FMT imaging. These mice received i.v. injection of L-SR15 (0.125 mg Ce6 eq./kg) and were imaged at 24 hours postinjection. The images were acquired with 680 nm excitation laser and 715 nm emission (bandwidth, 30 nm). Briefly, objects were positioned in the imaging chamber and surrounded by matching fluid composed of 1% Intralipid (Fresenius, Melsungen, Germany) and 0.5% ink, which closely matched the optical properties of tissues. During FMT image acquisition, only the lower half of the mouse was imagined. Following data reconstruction of the entire field of view, regions of interest are selected in all three planes of view (X, Y, Z) and a volume of interest is generated. Image data sets were reconstructed using a normalized Born forward model adapted to small mouse models (16, 17) . Details of the algorithm have been published before (17) . Image acquisition time per animal was 3 to 5 minutes and reconstruction time was 1 to 3 minutes. Images were displayed as raw data sets (excitation, emission, and masks) and as reconstructed threedimensional data sets in axial, sagittal, and coronal planes. Fluorochrome concentration in the target was automatically calculated from reconstructed images and expressed as femtomole fluorochrome/defined target volume.
Statistical analysis. Mean F SD values were used for the expression of data if there is no mention about that. Statistical analyses of data were done using Student's t test. Differences of P < 0.05 were considered statistically significant.
Results and Discussion
Following initial optimization experiments, a preparation with 15 Ce6 molecules per L-PGC molecule (L-SR15) was chosen for subsequent studies. L-SR15 showed an 86% decrease in fluorescence compared with that of free Ce6. L-PGC is a known substrate for cysteine protease (12) ; therefore, L-SR15 was tested against several cysteine proteases, including cathepsins B, L, and S, at pH 5.0. Among these three proteases, cathepsin B induced the highest fluorescence ( Fig. 2A) . L-SR15 treated with cathepsin B or L showed 4.0 (P = 0.0007) or 1.6 (P = 0.0012) times higher fluorescence intensities compared with control (buffer-treated L-SR15). Several experiments were subsequently conducted to corroborate specificity. The cathepsin B inhibitor CA-074 (18) completely inhibited fluorescence recovery on cathepsin B addition (Fig. 2B) . Furthermore, a poly-D-lysine-based PGC with similar substitution ratio (D-SR16) was also prepared and tested under identical conditions. Similar fluorescence quenching effect (f86% quenching) was observed with the D-backbone; however, no noticeable fluorescence activation occurred on cathepsin B addition. The above results thus confirm that proteolytic degradation is indeed the primary mechanism of fluorescence activation.
SOG of L-SR15 and D-SR16 was subsequently assayed using similar cathepsin B incubation experiments (Fig. 2C) . In the native state, SOG of L-SR15 was only 13% compared with that of free Ce6 at equimolar concentrations. In the absence of cathepsin B, the buffer containing L-SR15 remained quenched. On cathepsin B treatment, SOG increased up to 79%, a 6-fold increase (P = 0.0012). As with the fluorescence experiment, inhibitory effects were observed with CA-074 treatment. As expected, addition of cathepsin B to D-SR16 showed no enhancement in SOG. These results support the hypothesis that not only fluorescence but also SOG can be quenched and selectively recovered on specific protease treatments. The PM-PDT strategy was next examined in vivo using a xenographic tumor model. HT1080 cell line was selected for the animal study because of its high-expressing level of cathepsin B (19) . HT1080 human fibrosarcomas were s.c. implanted in both hind legs of mice. After i.v. injection of L-SR15 (0.125 mg Ce6 eq./kg), the fluorescence activation in tumors (n = 6) were clearly imaged using FMT. There was accumulation of L-SR15 in tumor with time, reaching the highest concentration of 17.0 F 1 nmol/L at 24 hours postinjection (Fig. 3A) . In a separate set of animals, free Ce6, L-SR15, or D-SR16 (0.125 mg Ce6 eq./kg) was injected i.v.; tumors were collected and sectioned. These animals received no light treatment to preserve fluorescence signal. High fluorescence signal was observed in the animals injected with L-SR15, whereas D-SR16-and Ce6-injected groups showed little or no fluorescence signal (Fig. 3B) . These results support that L-SR15 is activated in tumors in vivo similar as in the previous in vitro assays. Merged images showed that the fluorescence of L-SR15 fragments was distributed in cellular cytoplasm but did not localize to the nucleus. On the contrary, D-SR16-treated animals did not show any significant fluorescence in tumors. Although cathepsin B is known as a lysosomal enzyme, it also locates on the surface of cancer cells (20) . It explains how the injected L-SR15 conjugate can be efficiently activated in tumors. Another interesting finding was that fluorescence signal of free Ce6 was much lower than that of L-SR15-injected animals. Polymeric drug carriers with PEG grafting, such as PGC conjugate, have shown prolonged blood circulation and higher accumulation in tumors by the EPR effect (12, 21, 22) .
To show therapeutic efficacy in vivo, L-SR15 or D-SR16 (0.125 mg Ce6 eq./kg) in PBS was injected i.v., and 24 hours later, animals were treated with 650 nm light at a fluence of 10 J/cm 2 at an irradiance of 42.1 mW/cm 2 . Twenty-four hours after the light treatment, tumors were excised, sectioned, and stained for apoptosis. TUNEL staining clearly indicated severe apoptosis in large areas of tumor (Fig. 4A) . In addition, significant tissue loss was observed in the L-SR15-treated group. In the destructed area, polymorphonuclear cells were also observed, indicating inflammatory responses. In contrast, the D-SR16-injected and light-treated tumor showed no signs of apoptosis (Fig. 4B) .
Antitumor efficacy of PM-PDT was further evaluated by measuring tumor growth rates. When tumors reached 3 to 5 mm, mice were divided into five groups. Animals were treated with L-SR15 with light illumination (group 1), D-SR16 with light illumination (group 2), L-SR15 without light illumination (group 3), free Ce6 with illumination (group 4), or PBS with light illumination (group 5). In the group that received L-SR15 with light illumination, the mean tumor volume was 46% at day 6 (P = 0.0067) and 54% at day 9 (P = 0.0249) compared with group 2 (Fig. 4C) . All other treated groups, including L-SR15 without light, free Ce6 with light, and PBS with light, showed no significant antitumor effects. Only the combination of protease-degradable L-SR15 and light illumination resulted in reduced tumor growth rates ( Fig. 4D and E) . These data support the hypothesis that tumor-associated proteases can activate PM-PDT agents in tumor.
Prolonged administration of effective concentrations of conventional photosensitizers is usually not possible because of doselimiting systemic phototoxicities (limited therapeutic window). The combination of the presented PM-PDT and focal light illumination is expected to be an effective treatment with reduced phototoxicity given the quenched state of the native compounds. We show in this study that SOG can be quenched and activated through proteolytic cleavage. Because activation of PM-PDT agents is largely confined to areas of cancer, most unwanted side effects could be prevented. Potentially, the proposed PM-PDT approach could be used as a primary anticancer treatment or as an adjuvant to other therapeutic options. Although its treatment effect is restricted by the limited tissue penetration of light, PDT remains a promising therapy to treat various superficial cancers (e.g., esophageal, gastric, colon, and cervical cancers). Importantly, the proposed strategy is one of the few that allows visualization of the target and local drug concentration before selective therapy (Fig. 3) . This therapeutic approach could be used to tailor treatments and avoid unnecessary side effects. We believe that the reported PM-PDT has significant translational potential.
